The phase relations of equilibrium compounds in the pseudoternary system Bi 2 O 3 -(Ca, Sr)O-CuO at 850 and 900 °C were studied. The ratio of Ca : Sr was fixed at 1:2. Starting materials of Bi 2 O 3 , CaCO 3 , SrCO 3 , and CuO with various ratios were mixed, pressed into pellets, and heated at or above and then brought back to 850 or 900 °C for different durations to ensure that equilibrium had been reached. The products were cooled in air or quenched in liquid nitrogen and then identified by x-ray powder diffraction. At 850 °C, only the superconducting phase, Bi 2 CaSr 2 Cu 2 O^ (2122) 
I. INTRODUCTION
Following the discovery of high temperature superconductivity in the oxide of La 2 -j: Ba J CuO4 by Bednorz 2 extensive studies have been carried out to understand fundamental mechanisms of superconductivity and to search for new systems with even higher transition temperature (T c ). A new family of superconductors containing no rare earth element, Bi-Sr-Cu-O, with T c ranging from 10 to 20 K, was reported. 3 Maeda et al. found that addition of Ca into Bi-Sr-Cu-O led to a much higher critical temperature, up to 105 K. 4 Sheng and Hermann also announced that even higher T c (125 K) was observed in the Tl-Ca-Ba-Cu-O system. 5 It is now known that there exist two superconducting phases in the Bi-Ca-Sr-Cu-O system, with T c at 85 and 110 K. 6 - 7 The crystal structures of these two phases have been identified. 6 " 10 They are composed of layers of CuO 2 which are separated by one or two Ca layers and intercalated by a number of SrO and BiO layers. The layered structures lead to the ideal composition of Bi 2 CaSr 2 Cu 2 O y (2122) and Bi 2 Ca 2 Sr 2 Cu 3 O, (2223) for the 85 and 110 K phase, respectively. 10 In preparation of these two phases, it is often reported, however, that single phase material cannot be a)
Part of the paper has been presented in the Taiwan International Symposium on Superconductivity, Hsinchu, Taiwan, April 17-19, 1989. obtained from the above nominal compositions. Rather, the single phase of 2122 is obtained at slightly deviated compositions, and there exists a very narrow temperature range for the formation of the single phase. 6 As for 2223, more restricted conditions are required to prepare this compound. Addition of PbO accelerates the formation of 2223. 712 " 14 Therefore, knowledge of the thermodynamic stability and the phase compatibility of these two phases is crucial for their synthesis and processing. This paper reports the phase relations in the pseudoternary system Bi 2 O 3 -(Ca, Sr)O-CuO at 850 and 900 °C isotherms. The ratio of Ca: Sr was fixed at 1:2. The system with Ca: Sr ratio of 2 : 2 and partial substitution of Bi 2 O 3 by PbO is more complicated and will be discussed in a separate paper.
15

II. EXPERIMENTAL
The starting materials of a-Bi 2 O 3 , CaCO 3 , SrCO 3 , and CuO were purchased from CERAC Inc., with the stated purities of 99.9%, 99.95%, 99%, and 99.9%, respectively. About 3-5 grams of mixtures of the starting materials with various selected atomic ratios were ground under acetone in an agate mortar for at least 15 min, then pressed into several pellets in a diameter of 1 cm under a pressure of 1000 kg/cm 2 . The pellets were placed in alumina crucibles and heated in air for different durations. Except for those compositions where melting occurred and wetting of the crucible was observed, reaction between the samples and A1 2 O 3 was generally not serious.
C-L. Lee ef a/..-Equilibrium phase relations in the Bi-Ca-Sr-Cu-0 system To prevent Bi 2 O 3 from evaporating or melting during the solid state reactions, samples containing Bi 2 O 3 were first heated at 750-800 C C for about one day so that Bi 2 O 3 was about completely reacted. The temperature was then raised to 850 °C or above. In the (Cai /3 , Sr 2 /3)O-rich region of the phase diagram, slow reaction kinetics was observed. To accelerate the reaction and ensure that equilibrium had been reached, we raised the temperature to above 900 °C directly from 750-800 °C for different durations, and then brought it back to 850 or 900 °C for another two or more days. The products were quenched in liquid nitrogen or cooled in air, crushed into powders, and identified with an x-ray powder diffractometer with CuK o radiation. Since quenching in liquid nitrogen yielded the same result as that cooled in air, most of the latter products were obtained by cooling in air.
To ascertain the equilibrium state of the reaction products, the process of heating, cooling, crushing, identification, reheating, etc. was repeated. When the relative intensity and positions of peaks of the x-ray diffraction (XRD) pattern became invariant, we concluded that the reactions had reached equilibrium. In order to check that the equilibrium state could be reached from different reaction paths, a number of precursors were prepared and reacted at various ratios. The results were compared with those obtained from the starting materials.
Resistance heated, horizontal tube furnaces were used for carrying out the reactions. The temperature was monitored by a type-K thermocouple throughout the reaction. The temperature fluctuation was held to ±2 °C in a constant temperature zone about 5 cm in length.
III. RESULTS
A. The 850 °C isotherm
The phase relations among the stable phases in the pseudoternary system at 850 °C shown in Fig. 1 were established from the results of about 150 equilibrium reactions. A number of nominal compositions which were selected and essential for the establishment of phase relations are indicated by small dots in Fig. 1 .
For the corner of (Cai/ 3 Sr 2 /3)O, a mixture of CaCO 3 : SrCO 3 = 1:2 was initially heated at 1200 °C for 48 h and then brought back to 850 °C for another 60 h. When this was cooled in air, a single phase with XRD pattern similar to that of CaO and SrO was obtained. The peak positions, however, were slightly shifted. The calculated lattice parameters were between those of CaO and SrO. We concluded that a complete solid solution of CaO and 2SrO was formed.
In the pseudobinary system Bi 2 O 3 -CuO, two rather inconsistent phase diagrams with different intermediate phases, 2Bi 2 reported previously. 1617 We have rechecked this system and found that the compound 2Bi 2 1819 The XRD patterns of these three compounds were similar except that the peak positions were slightly different, indicating that solid solution of Ca and Sr occurred in the D phase. This phase reacted easily with moisture and CO 2 in the air and had to be stored in a dry vacuum container. D phase has body-centered orthorhombic symmetry with a = 12.551, b = 3.876, and c = 3.428 A. The XRD pattern of D phase is indexed and shown in Fig. 2(a) .
The E phase is related to SrCuO 2 . 19 Complete solid solubility of Ca in Sr also occurred in this phase. The XRD pattern can be indexed as base-centered orthorhombic structure with lattice parameters of a = 16.102, b = 3.490, and c = 3.880 A, as shown in Fig. 2(b) .
In previous papers on the preparation and identification of superconducting phases in the Bi-Ca-Sr-Cu-O system, compounds with compositions similar to D O 8 , phase G). It is likely that the above compositions were all associated with the same compound. The XRD pattern of G phase is displayed in Fig. 2(c) , and can be indexed on a face-centered orthorhombic structure with a = 13.184, b = 11.400, and c = 3.922 A.
In the pseudobinary system (Ca 1/3 Sr2/3)O-Bi2O3, four stable phases were observed. The solid solution, designated as H, could be described as Bi 2 O 3 • JCMO, in which x ranges from 0.16 to 0.82 and MO represents (Cai/3Sr2/3)0. This phase is related to the rhombohedral solid solution, j8, in the Bi 2 O 3 -SrO system. 25 The XRD patterns for compositions within the solid solution limit were similar, as illustrated in Fig. 3 . The other three phases, I, J, and K, had compositions of l.l/2Bi 2 O 3 -0.9MO, Bi 2 O 3 • 4MO, and Bi 2 O 3 • 9MO, respectively. The XRD patterns for these three phases are given in Fig. 4 .
The I phase can be related to the tetragonal solid solution in the Bi 2 O 3 -SrO system, y, which has compo- sitions around Sro.9BiuO2.55. 25 Therefore a small limited range of solid solution for phase I corresponding to y might exist. We did not go into detail to investigate that range. The J phase, with a composition of Bi 2 O 3 -4MO, had three strong characteristic peaks at 29.54, 30.0, and 30.34°. The presence of J phase with the superconducting phase 2122 has been identified by Carim et al. by electron microprobe analysis. 9 The three peaks were so strong that even a small amount of J present in the ternary system could be detected. 26 We did not see any phase at the above compositions for Bi 2 O 3 -(Cai/ 3 Sr 2 /3)O. However, the XRD pattern of phase J was similar to that of Bi 2 O 3 • 3SrO. Furthermore, we have also found another phase, K, which had a composition near Bi 2 O 3 • 9MO. In the XRD pattern of this phase, Fig. 4(c) , it is suspected that the peak at 29.38°p robably came from the J phase, for the intensity varied as the starting composition changed. We were not able to get rid of this peak, possibly because the reaction rate was too slow.
In the ternary system, only the superconducting phase 2122, designated as O, was observed. However, we were not able to get a pure single phase material at the nominal composition of 2122; some small amount of J phase was always present. The XRD patterns for the I, J, and K phases seem to be fairly complex and similar to each other. One might suspect that multiphases are present in each pattern. Many reactions near the I, J, K, and O phases have been investigated and it is concluded that they are indeed single-phase patterns. For example, reactions located in between I-J and J-O, as indicated as points 1 and 2, respectively, in Fig. 1 , yielded the XRD patterns in Fig. 5 . Clearly, each of the patterns is composed of two separate phases, as indexed on each pattern. The structure analyses for phases I, J, and K are in progress.
To establish the tie line relations for all of the phases observed in the pseudoternary system, starting compositions positioned on the conjugate lines were selected first. Identification of the reaction products led to a tentative assignment of tie lines for these phases. Compositions on the tentative tie lines and within each individual triangle were then checked. The phase relations shown in Fig. 1 summarize the results of the tedious work. In constructing the above phase relations, we have observed, however, some inconsistent reactions. For instance, several compositions inside the tri- angle ICO, especially those near the IC line, were partially melted. The liquid phase was ascribed to the nonuniformity of mixing or slight shift in weighing the sample. We were not able to analyze correctly the solid phases in the products when a liquid phase was present. In addition, we have sometimes observed a group of small peaks present within the triangle JDK. The peaks, if present, persisted even after reheating. However, if the J, D, and K phases were used as precursors for the reaction, the group of peaks was not observed. This was probably because the reaction kinetics near the corner of (Cai /3 Sr 2 /3)O was always sluggish. In general, addition of Bi 2 O 3 or CuO seemed to accelerate the decomposition of SrCO 3 in the starting mixture and enhance the solid state reaction. It was found that phases E and G formed more easily than D and formation of single phases I and J was much faster than K. Furthermore, reactions for the compositions above the JE line always reached equilibrium faster than those below.
In order to make sure that equilibrium was reached, we have also used different precursors for re-action. For instance, phases D and F were prepared and compositions along their conjugate line were reacted. Since the conjugate line was cut to several segments by the tie lines of IC, OC, OG, JG, and JE, these reactions served as another approach to ascertain the equilibrium. Small composition difference on the line would yield different equilibrium products. The establishment of the tie lines was also carefully rechecked by reaction with mixtures of O/D and C/J.
B. The 900 C isotherm
Since liquid phase was associated in the triangle BCI at 850 °C, no phase relation was established for the H phase. Therefore, an experiment to investigate the stable composition range for this phase at 900 °C was not conducted. It is expected, however, that this phase is stable at this temperature but the solid solution range might be reduced and x be shifted to a higher value.
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On the contrary, phase I is expected to occur in an enlarged solid solution range.
' 26 Since it has been reported that 2122 melted at 885 ± 10 °C, 6 we therefore focused on the phase relations around this composition. About 40 reactions were selected and studied. Mixtures were first reacted at 800 °C for 24 h and then raised to 900 °C for another suitable period of time. Figure 6 shows the tie lines observed at 900 °C for this system. The range for H phase is adopted from that of the Bi 2 O 3 -SrO system. 25 Except for the disappearance of phase O, the phase relations were exactly the same as those at 850 °C. Liquid phase was observed above the tie line JG and reacted with the 900 X   FIG. 6 . Phase relations at 900 °C. The symbols retain the same meaning, except H has different compositions. A1 2 O 3 crucible. XRD patterns of the solidified products consisted of several unknown peaks and could not be identified. Again, the above-mentioned several small peaks were sometimes observed near the JD line. Prolonged heating gradually reduced the intensity of these peaks.
IV. DISCUSSION
Establishment of the phase relations for the BiCa-Sr-Cu-O system is helpful in understanding the formation and processing of the superconducting phases. Compared with the Y-Ba-Cu-O system, this system seems simpler in that only one stable phase occurs inside the triangle. From Fig. 1 , it is clear that in order for 2122 to form, the starting composition has to be positioned within ICGJ. Indeed, these four compounds have also been frequently observed in the multiphase product, as described in the above section. Note that although the packing sequence of the layer structure of 2122 has already been well defined, we were not able to get a single phase product out of the nominal composition of 2:1:2:2. The stacking faults and oxygen stoichiometry might have something to do with the shift of the composition of this 85 K phase. ' 27 This raises a question, i.e., whether the atomic positions of Ca and Sr in 2122 or "4334" can be substituted randomly or they have to be specifically occupied by the individual Ca and Sr atoms.
One of the most fruitful findings in this work is probably the solid solubility of Ca and Sr in the boundary line phases, A, D, E, G, H, I, J, and K. Furthermore, we have also observed in a separate work that when the ratio of Ca and Sr was fixed at 2:2, single phases with exactly the same nominal compositions and XRD patterns were also obtained. This extended the solid solubility to an even greater range. Considering that Ca and Sr have the same valence and comparable ionic radius, 0.99 vs 1.12 A, the possibility of random occupation exists in the 85 K phase. A more appropriate composition expression for this phase would be Bi 2 (Ca x Sr 1 _ x ) 3 Cu 2 O y . The mutual substitution of Ca and Sr in this phase has been carefully examined recently by Yoshida. 28 The solubility limit x was found to vary from 0.24 to 0.61. Our work on the system with Ca/Sr ratios of 1:2 and 2:2 falls in this range.
V. CONCLUSION
The phase relations of equilibrium compounds in the pseudoternary system Bi 2 O3-(Cai -2SrO) . At 900 °C, the above boundary line phases remained stable but the superconducting phase was not observed.
